Factors influencing the production of streptococcin A-FF22 (SA-FF22) in liquid media were examined. Despite good growth of the producer strain, no SA-FF22 was detected during incubation at 40°C, at pH 7, in Brain Heart Infusion Broth or in MgZ +-supplemented media. Optimal SA-FF22 production occurred at 32"C, at pH 6.7, in cultures in Tryptic Soy Broth supplemented with glucose 2.25% and yeast extract 1%. Under these conditions SA-FF22 remained cell-associated but could be extracted with acid.
Introduction
Bacteriocins are protein antibiotics with bactericidal activity principally against strains of species that are the same or closely related to the producer bacterium. ' The first bacteriocin to be isolated from Streptococcus pyogenes was streptococcin A-FF22.* This is a trypsin-sensitive 8-Kda molecule of pI > 7~5 .~ Detection of SA-FF22 activity in vitro appeared to depend upon the cultivation of S . pyogenes strain FF22 in media that were poor for streptococcal proteinase prod~ction.~ Several other factors, including growth at higher temperature or alkaline pH, interfered with bacteriocin production. It was noted that SA-FF22 appeared to be very similar to nisin, the wellcharacterised peptide antibiotic of Lactococcus 1a~ti.s.~ P-Haemolytic streptococci can be typed (P-production type) according to the activity of their bacteriocinlike inhibitory substances (BLIS)6 against standard indicators, and under the usual test conditions the Ptype code of strain FF22 is 476.7 Strains of particular P-type designations generally occur only within a single species of streptococcus and sometimes only within a single M-serotype.' Indeed, most P-type 476 S . pyogenes isolates are of M-type 49, a serotype commonly associated with acute glomerulonephritis.* Other studies have indicated a generally high incidence of BLIS production in the common nephritis-associated streptococcal serotypes.' Also, it was shown that SA-FF22 exhibits specific toxicity for mammalian myocytes in vitro, prompting speculation about a possible role for S . pyogenes BLIS in the pathogenesis of rheumatic carditis. l o Subsequently, it has been reported that uncharacterised streptococcal cationic peptides bind to basement membranes in heart and kidney tissue.' ' * In view of this putative association between BLIS production and the development of Received 25 Feb. 1991 ; revised version accepted 14 May 1991. sequelae to S. pyogenes infections, we have examined factors affecting SA-FF22 production in vitro as a preliminary to the purification and further chemical and biological characterisation of the peptide.
Materials and methods

Bacterial strains
These were maintained at -70°C in skim milk 10% and were periodically revived by culture on blood agar. S . pyogenes strain FF22 (M-type 52, T-pattern 3/13) was subcultured no more than twice on blood agar before fresh inocula were taken from the frozen stock. The nine standard indicator organisms (I '-I9) used for P-typing have been described previ~usly.~ The nisin-producing strain L. lactis CE24 (AFRC 1404; National Collection of Food Bacteria, Institute of Food Research, Reading, Berks.) was a gift from G. W. Tannock (Department of Microbiology, University of Otago, Dunedin).
Media and chemicals
Tryptic Soy Broth (TSB), Yeast Extract, ToddHewitt Broth (THB), Brain Heart Infusion (BHI) Broth, Skim Milk and Neopeptone were from Difco, glucose from Serva, DNase Test Agar from BBL and RPMI culture medium from Sigma. Chemically defined medium (CDM) was prepared as outlined previ~usly.'~ Blood agar was Columbia Agar Base (CAB ; Gibco), supplemented with human blood 5% v/v. Detection of DNAase, amylase, streptococcal proteinase and haemolysin activities was as described 
Deferred antagonism test
This test was performed essentially as described previously7 but was modified to include the use of blood agar supplemented with CaCO, 0.5% w/v and, in some cases, metal salts. Incubation conditions are given in the Results. Briefly, after overnight incubation of a diametric streak culture of the BLIS producer strain, the growth was removed and the surface of the culture medium was sterilised by exposure to chloroform vapour. The indicators were then inoculated across the agar at right angles to the line of the original producer culture. After incubation the presence of BLIS was indicated by inhibition of growth of indicators in the region of the cross-streak.
Acid extraction of cell-associated bacteriocin SA-FF22
S . pyogenes strain FF22 cells grown under appropriate conditions were harvested by centrifugation at 3500 g for 15 min, washed twice in 5 mM phosphate buffer, pH 6-8, and resuspended to one-fifth of the original culture volume in NaCl 0.85% containing 50 mM HCl. After 18 h at 4"C, the cells were removed by centrifugation and the bacteriocin-containing supernatant fluid was adjusted to pH 6.5-6-8 with 1 M NaOH.
Assay of bacteriocin SA-FF22 activity
Doubling dilutions of bacteriocin-containing supernates in phosphate-buffered saline, pH 6.8, (PBS) were prepared in microtitration-tray wells and 20 pl of each dilution was applied to the surface of well-dried CAB plates of uniform thickness. After this had dried, the surface of the medium was sterilised by exposure to chloroform vapour for 30 min. The plates were exposed to air and the agar surface was then flooded with a 100-fold dilution of an overnight THB culture of the appropriate indicator strain. The excess fluid was decanted and the plates were incubated for 18 h at 37°C in C 0 2 5% in air. The titre of inhibitory activity was defined as the highest dilution of the sample that produced a well-defined inhibition zone on the indicator lawn. This dilution of the sample was said to contain, by definition, one arbitrary unit (AU) of bacter iocin/ml .
In this study the titre of SA-FF22 was routinely measured against indicator strain Is. The specificity of the inhibitory activity was assessed by comparing this titre with that of samples measured against strain FF22, which has specific immunity to SA-FF22, and a "cured" derivative of strain FF22 (designated EB 1) which has lost both SA-FF22 production and immunity characters.
Estimation of wet-cell mass
Ten-ml volumes of cultures were centrifuged in preweighed tubes, and the cell pellets were washed twice in cold 5 mM phosphate buffer (pH 7-0) and then collected by centrifugation (1 6 000 g, 10 min, 4°C). The tubes were drained thoroughly, re-weighed and the wet-cell mass was determined by subtraction.
Streptococcal extracellular proteinase
Proteinase activity was measured with casein as substrate. ' Proteinase production was inhibited by the addition to liquid culture media of iodoacetic acid to a final concentration of 50 p~.
Assay of protein and carbohydrate
The protein content of samples was assayed against a standard curve of bovine serum albumin (Sigma). * Total reducing sugars were estimated by the phydroxybenzoic acid hydrazide (Sigma) colourimetric method,' * with D-glucose (Serva) as a standard.
Determination of magnesium concentration
Known triplicate volumes (5-10ml) of the test medium were dried to completion at 80°C in nitric acid-washed crucibles. Samples were dry-ashed for 18 h at 350°C, resuspended in 10 ml of nitric acid 1% v/v and filtered through nitric acid-washed membrane filters of 0.45 pm pore size. Magnesium in the samples was estimated in a Varian Techtron model AA6 Atomic Absorption Spectrophotometer by comparison with a standard curve of dilutions of a stock of magnesium in water (1 mglml).
Removal of magnesium from media
Chelex resin (Sigma) was mixed with the liquid medium (1 :25 w: v) for 18 h at 4°C to adsorb magnesium ions and the resin was removed by centrifugation at 500 g for 5 min.
Batch fermenter cultures
A bioflo model C30 500 ml fermenter (New Brunswick Scientific, New Brunswick, NJ, USA) fitted with a pH controller and an Ingold autoclavable pH electrode (Ingold Electrodes Inc., Andover, MA, USA) was used in these studies.
Results
Inhibitor production by strain FF22 on solid media
The inhibitory spectrum of strain FF22 against the nine standard indicators changed when the incubation conditions or the composition of the test medium were altered (table I) . The inhibitory activity against indi- 
growth.
* Final concentration 1 mM.
cators I2 and I, appeared to be increased under anaerobic conditions. This enhanced production of inhibitory activity against I2 (strain FF22) did not occur when CaC03 0.5% w/v had been added to the test medium to reduce acid-mediated inhibitory effects.
The nisin-producing strain, L. Iactis CE24, produced inhibitory activity with the same P-type code as strain FF22 when tested on blood agar under anaerobic conditions. However, unlike strain FF22, its activity against indicator I2 was not reduced by the presence of CaC03 in the test medium.
The addition to blood agar of the metal ions Ca",
+ to a concentration of 1 mM had no effect on SA-FF22 production in deferred antagonism tests. However, when 1 mM Mg2+ was present in the blood agar, only indicators I2 and I, were inhibited after growth of strain FF22 under anaerobic conditions and no indicator was inhibited after aerobic growth (table I) . Supplementation of the Mg2 +-containing blood agar with CaCO, 0.5% resulted in no inhibitory activity being detected in aerobic or anaerobic conditions. By contrast, nisin production by L. Iactis CE24 did not appear to be affected by any of these metal ion supplements. DN Aase, amylase, proteinase and haemolysin production by strain FF22 on DNase agar, CAB, Skim Milk Agar and Blood Agar respectively was not affected by their supplementation with 1 mM Mg2+.
SA-FF22 production in small volume liquid cultures
Aer, air; Anaer, anaerobic ( C 0 2 5%, H2 lo%, N2 85%; +, + +, + + +, relative size of inhibition zone;' -, no inibition of indicator
Comparison of the suitability of several nutrient media and a chemically defined medium for inhibitor production by strain FF22 (table 11) showed that it occurred only in TSB and THB. Because the highest recovery was from TSB, a series of modifications to this medium were evaluated for their effect on SA-FF22 yield.
Although diluting the TSB growth medium to 50% v/v in distilled water increased the specific activity of both the extracellular and acid-extractable SA-FF22 in the culture, the total inhibitor yield was less than from cultures in undiluted TSB. Doubling the concentration of the TSB medium decreased the specific activity of SA-FF22 and did not increase the yield. The effects of various combinations of the nutrient supplements were evaluated and the highest yield and specific activity of SA-FF22 was obtained with TSB containing glucose 1% and yeast extract 1%. The effect of the incubation atmosphere and temperature on SA-FF22 production in TSB was evaluated (table 111) . The changes to the atmosphere did not appear to affect SA-FF22 yield; however, increasing the incubation temperature to 40°C, while without effect on the terminal pH and proteinase activity of the cultures, prevented formation of the inhibitor. No increase in the yield of SA-FF22 was detected in TSB, THB, BHI, RPMI and CDM cultures when proteinase production was inhibited by 50 p~ iodoacetic acid.
The addition of 1 mM Mg2+ prevented production of SA-FF22 yet appeared to have no effect on the growth of strain FF22 in TSB. The SA-FF22 titre of culture supernates was the same when assayed on showed that a minimum of 0-02-0-03 mM Mg2 + was necessary for both normal growth and SA-FF22 production in TSB and THB (the unmodified media contain 0.05-0-06 mM Mg2+). At 0-14-0-16 mM Mg2+, cell growth did not appear to be inhibited, but there was no detectable production of SA-FF22. No SA-FF22 production could be detected in BHI, RPMI and CDM even when the level of Mg2+ in these media had been adjusted to approximately 0.05 mM before inoculation with strain FF22.
Fermenter cultures
Extra glucose (final concentration 2.5%) was incorporated into TSB to sustain the additional growth of strain FF22 that could be obtained in pH-controlled fermenter cultures (table IV) . With the pH controlled at 7.2 (the initial pH of the medium) no SA-FF22 was produced, whereas the total yield from cultures grown at pH 6-7, 6.2 and 4.8 was proportional to the cell mass. At pH 6.7, all SA-FF22 appeared to be cell associated. The SA-FF22 activity released extracellularly during the growth of cultures at pH 6.2 (or lower) was not readsorbed to the cells when the pH was adjusted to 6.7.
The effect of incubation temperature on growth and production of SA-FF22 in fermenter cultures is summarised in table V. The highest yield of SA-FF22 was obtained at 32°C. Incubation at 40°C prevented SA-FF22 production but did not substantially alter either the total cell yield or the amount of proteinase produced. Incubation of SA-FF22-containing supernates at 40°C for 18 h resulted in no loss of inhibitory activity. t Culture supernate, vol = 20 ml.
$ Acid extract (vol = 4 ml) of cell pellet from 20-ml culture. * TSB (500 ml) +glucose 2.25% w/v +yeast extract 1% w/v.
t Vol = 500 mi.
$ Acid extract (vol= 100 ml) of cell pellet from 500-ml culture.
0 Wet weight (mg) of cells from 1 ml of culture. 
See footnotes to table IV
Addition of 0 . 2 m~ Mg2+ to the growth medium (TSB or THB) prevented SA-FF22 production in batch fermenter cultures, whether or not the culture pH was maintained at 6.7. Also, even with control of pH at 6.7, strain FF22 cultures in BHI, RPMI and CDM failed to yield any detectable SA-FF22.
The indicator strain specificities of SA-FF22 and nisin were compared by titrating each of these inhibitors against strains Is, FF22 and EB1. SA-FF22 preparations with a titre of 64 on strains Is and EB1 had a titre of only 1 on strain FF22. By comparison, nisin assays give identical titres on all three indicators.
Discussion
SA-FF22 has previously been reported to closely resemble nisin in many of its physicochemical and biological properties and in the conditions for its production.' However, here we found that S. pyugenes strain FF22 and the nisin-producing strain L. Zactis CE24 produced different P-type patterns. Strain FF22 was immune to its own inhibitory product (SA-FF22), but sensitive to nisin. This indicated that these inhibitors differed in their specificity of action. In the present study SA-FF22 production was shown to be enhanced by the supplementation of the TSB growth medium with glucose. In this respect SA-FF22 production resembles that of nisin." By contrast, the production of some other streptococcal bacteriocins such as those of S. agalactiae strain 74-628'' and S. sazivarius P22 is repressed by addition of glucose to the growth medium.
The addition of CaC03 to the typing medium altered the P-type pattern of anaerobically incubated strain FF22 cultures, through the loss of inhibitory activity against I2 (strain FF22). This result suggested that this "auto-inhibitory" activity of strain FF22 was probably due to acidic metabolic end products, an effect similar to that produced by some other S. pyugenes strains when tested by the P-typing procedure. ' Proteinase production by strain FF22 is promoted by growth in BHI. 4 In some cases production of group A streptococcal bacteriocins is favoured by conditions that promote proteinase production. 2 3 Since purified streptococcal proteinase inactivates SA-FF22 (results not shown), inhibition of proteinase production should increase the yield of SA-FF22. However, this was not found here.
The incubation temperature influenced SA-FF22 production. The optimum temperature for nisin production is 30"C,24 whereas for Pep S2' and streptocin B121 it is 35°C. SA-FF22 resembled streptocin B1 in that its production was inhibited by growth at elevated temperatures.
Ellwood and Tempest26 have shown that the production and secretion of protein by bacteria is affected by a number of factors including pH, concentration and type of ions present, and the growth rate. The increase in growth rate at 40°C may explain the lack of production of SA-FF22 at this temperature.
Alternatively, a temperature-sensitive protein may have a role in the formation of the active inhibitor. Growth at 40°C did not cause an irreversible loss of inhibitor-producing capability since a subsequent reduction of the incubation temperature restored the SA-FF22-producing phenotype (results not shown).
Streptococci are solely fermentative in their metabolism and the accumulation of acidic metabolites may often be an important growth-limiting factor. Control of pH at 6.7 in cultures containing excess glucose resulted in a significant increase in the cell mass and in the yield of cell-associated SA-FF22. By acidextracting cells from such cultures, particularly high recoveries of SA-FF22 may be obtained. A similar approach has been adopted for the large scale production of n i~i n .~~
The cell walls of Gram-positive bacteria have been shown to act as cation exchangers, the cation with the highest affinity for the walls being H + . 2 8 One possible mechanism for the observed irreversible elution of SA-FF22 from the producer cells under acidic conditions may be that it is displaced by the increasing concentration of H + as the pH decreases. The failure of the inhibitor to re-adsorb to the cells when the pH is raised may reflect the inability of SA-FF22 to displace bound H +. Alternatively, other cell-surface components like lipoteichoic acids may also have been eluted under the acidic conditions, removing potential anionic "sites" for re-association of SA-FF22.
Metal ions regulate the expression of several bacterial extracellular products. Diphtheria toxin production is influenced by iron and possibly by other metals;29 toxic shock syndrome toxin 1 of Staphylococcus aureus is influenced by magnesium3* and possibly zinc.31 Our results, indicating that SA-FF22 production may also be controlled by magnesium concentration, are perhaps the first report of a metal ion specifically affecting bacteriocin production in Grampositive bacteria.
Because production of haemolysin, amylase, proteinase and DNAase by strain FF22 was not adversely affected by increased levels of magnesium in the media, the inhibition of SA-FF22 production by magnesium was not the result of a general repression of the formation of extracellular products. Furthermore, because the activity of pre-formed SA-FF22 remained unchanged after incubation with magnesium it suggests that there is no direct molecular interaction between the inhibitor and magnesium ions. Growth in high magnesium concentrations did not cause irreversible loss of the SA-FF22-producing phenotype ; subculturing cells from high magnesiumcontaining media to media containing non-inhibitory levels of magnesium immediately restored production of SA-FF22 (results not shown). Other experiments showed that the growth rate of strain FF22 was unaffected by the presence of excess magnesium in the culture medium and that the titres of SA-FF22 preparations were identical when assayed on either high magnesium-containing or the usual assay medium. These results indicate that the presence of additional magnesium in the growth medium affects neither the growth of strain FF22 detrimentally nor the sensitivity of the indicator strains to SA-FF22.
The findings from this and other laboratories indicate that in vitro production of BLIS is a common characteristic of streptococci. What remains unclear is the role of BLIS in viuo. Our understanding of the potential contribution of BLIS to the virulence of streptococci and to their interactions with other bacteria in natural ecosystems may be significantly enhanced by studying the factors that influence its production in vitro.
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